Amplified spontaneous emission in the spiropyran-biopolymer based system
Amplified spontaneous emission ͑ASE͒ phenomenon in the 6-nitro-1Ј ,3Ј ,3Ј-trimethylspiro͓2H-1-benzopyran-2 , 2Ј-indolin͔ organic dye dispersed in a solid matrix has been observed. The biopolymer system deoxyribonucleic acid blended with cationic surfactant molecule cetyltrimethyl-ammonium chloride served as a matrix. ASE appeared under sample excitation by UV light pulses ͑ = 355 nm͒ coming from nanosecond or picosecond neodymium doped yttrium aluminum garnet lasers and has been reinforced with green ͑ = 532 nm͒ light excitation followed UV light pulse. The 2 The basic form of the colorless ͑closed form͒ spiropyran consists of two heterocyclic rings linked by a tetrahedral carbon, which enforces an orthogonal orientation between the two heterocycles. In this form the -electron do not interact with one another, therefore the absorption spectrum is a sum of the spectra of two parts of the molecule. 3 Upon UV irradiation, spiropyran isomerizes to its metastable, highly polar, and planar colored merocyanine ͑MR͒ form ͑cf. inset of Fig. 3͒ . The colored MR ͑open form͒ is a highly conjugated structure having a characteristic absorption band in the visible region due to extended conjugation of the -electron system and exhibits fluorescence. The equilibrium between the closed and open forms depends on photochemical and thermal conditions. The photoinduced change in molecular dipole moment can be exploited to control an electrical conductivity of a polymer containing photoswitchable SP-MR system 4 or for optical recording with visible light. 5 In this report, we show that the SP molecule doped to biopolymer, based on deoxyribonucleic acid ͑DNA͒, preserves its photochromic properties and shows efficient fluorescence upon light excitation. Photochromic compounds are very sensitive to their environment. 6 Variation in the polarity, free volume, and rigidity of a polymer matrix in which photochromic molecules are embedded, can affect their photochromic as well as luminescent properties. The strong luminescence of MR allowed us to observe the amplified spontaneous emission ͑ASE͒ phenomenon in this dyepolymer system. In ASE phenomenon spontaneously emitted photons are amplified by coherent stimulated emission. ASE is a polarized and coherent emission centered around the part of fluorescence spectrum with the highest gain and appears as gain narrowing.
The DNA-based solid polymeric matrix is a very promising material for photonic applications due to the unique properties derived from DNA double-helix structure and transparency in the whole visible spectral range. 7, 8 It has been shown that in the systems consisted of DNA with dyes like photochromic disperse red 1 ͑DR1͒ or fluorescent rhodamine ͑SRh͒, very fast dynamic diffraction grating recording 9 or strong fluorescence enhancement, 10 respectively, can be observed. ASE has already been reported by Kawabe et al. 11 in DNA-heksadecyltrimethylammonium ͑HTMA͒ doped with hemicyanine dye DMASDPB and in DNA-HTMA doped with rhodamine 6G. 12 For the sample preparation we used commercially available SP dye: 6-nitro-1Ј ,3Ј ,3Ј-trimethylspiro͓2H-1-benzopyran-2 , 2Ј-indolin͔ ͑Aldrich͒ and a purified salmon roe DNA ͑SIGMA͒ complexed with cationic surfactant cetyltrimethyl-ammonium chloride ͑CTMA͒. The procedure of conversion of pure DNA material into DNA-CTMA complex was described elsewhere. 13 Such a complex unlike the pure deoxyribonucleic acid is well soluble in many organic solvents including alcohols and can be processed into relatively good optical quality thin films. Films were deposited on glass substrates by casting or by spin-coating deposition method.
In order to obtain around 2% solution of SP in DNA-CTMA w/w in the dry mass, we prepared separately butanol solution of DNA-CTMA and butanol solution of SP and mixed them together. Then DNA-CTMA:SP solution was cast onto a glass plate and dried over 24 h in air at room temperature. Thickness of the so obtained films was aroundDNA-CTMA:SP sample. First, the fluorescence emission from DNA-CTMA:SP has been measured using 360 nm excitation light. A broad luminescence band centered at 600 nm was clearly visible. Then, the SP molecule excitation spectra have been measured by looking at fluorescence emission at 600 nm wavelength. Excitation spectrum consists of two bands: one is centered at 400 nm while the other at 550 nm. The latter band is a characteristic for absorption of the metastable colored MR. The difference between the wavelength of maximum absorption and the fluorescence ͑the Stokes shift͒ was found to be 50 nm. In order to prove that only MR form is luminescent we measured the photoluminescence spectra of DNA-CTMA:SP sample before any irradiation and sample preirradiated with UV light ͑Ͻ400 nm͒. As is shown in the inset of Fig. 1 the fluorescence enhances with UV irradiation dose. Therefore one can conclude that irradiation of SP with UV light enhances the content of open MR form in the DNA-CTMA matrix. The absorption spectra of the film irradiated by UV light allowed us to estimate the absorption coefficient of MR at 532 nm to amount to 1535 cm −1 . Investigation of the ASE phenomenon in DNA-CTMA:SP films has been performed using nanosecond and picosecond neodymium doped yttrium aluminum garnet ͑Nd:YAG͒ lasers as it requires relatively high pump powers in the single pass geometry. Linearly polarized light of wavelength = 355 nm was generated via two second-harmonic generation crystals acting on fundamental frequency light of Nd:YAG laser ͑ f = 1064 nm, 6 ns pulse duration, and 11 Hz repetition rate͒. The excitation 355 nm light inciding normally onto the sample generated luminescence of the film. Luminescence light emerging from the sample edge was collected by a lens and directed into an optical fiber. After reaching certain threshold of excitation laser energy an ASE appeared. A signature of ASE is gain narrowing of the fluorescence spectrum, characterized by a relatively smooth line dominating the luminescence spectrum. ASE spectrum was analyzed with an Ocean Optics spectrometer ͑model LS-1͒ equipped with diode array detector and coupled to a computer for data acquisition.
As an inset of Fig. 2 , results of the normalized spontaneous fluorescence and ASE coming from the DNA-CTMA:SP are presented. The sample was excited by the 355 nm 6 ns pulse for two excitation energy densities: below and just above the ASE threshold. A luminescence band centered at 676 nm showing characteristic narrowing is emerging from the sample above the ASE threshold light excitation energy density. The emission linewidth converged from ⌬ FWHM = 63 nm for spontaneous fluorescence to ⌬ FWHM = 6 nm for ASE. In Fig. 2 the results of integrated intensity of fluorescence emission in function of excitation energy density are presented. From the plot the threshold for ASE process was estimated to be th = 8.6 mJ/ cm 2 which is relatively high when compared to rhodamine 6G having ASE threshold of 2 mJ/ cm 2 . 12 Configuration of our experimental setup ͑light picked up at the sample edge͒ causes that below the ASE threshold, the intensity of a spontaneous luminescence was close to zero, as shown in Fig. 2 . Lower threshold energies can be obtained for dyes having larger Stokes shifts because of reduced self-absorption Gain occurs when the stimulated emission of photons exceeds the reabsorption or loss due to scattering, then the material will lase. ASE gain is the increase in the ratio of light intensity emitted to incident intensity per unit length of the gain material that is optically pumped. In order to measure the exponential gain coefficient for ASE process we use the method of Shank.
14 We calculated the average exponential gain ␥ to be 6 cm −1 in DNA-CTMA:SP ͑2%͒ thin layer. In order to check the temporal stability of the ASE emission of the studied sample we monitored the ASE peak intensity in function of time of irradiation. All experiments were conducted in air atmosphere at room temperature. In this measurement the sample was excited either by 355 nm picosecond pulses or 355 and 532 nm picosecond pulses almost simultaneously with 10 Hz repetition rate. Excitation energy density was set just above the ASE appearance threshold. In Fig. 3 the plot of the ASE intensity changes during prolonged exposure to the UV ͑355 nm͒ pulsed excitation light is shown. We can observe that the reduction in the ASE intensity signal to 50% of its initial value occurs after around 1000 pulses. However, modifying sample excitation to that of both UV ͑355 nm͒ and green ͑532 nm͒ light pulses, an important improvement has been noticed. The ASE signal intensity was significantly larger as compared to that obtained for single UV pulse excitation ͑cf. inset of Fig.  4͒ . The reduction in the ASE intensity signal to 50% occurred after around 2000 pulses for the same sample ͑cf. Fig.  4͒ . Such a behavior is strictly related to the mechanism of the SP isomerization and emission coming from the metastable MR form. In the former case upon UV irradiation, SP isomerizes to its metastable MR form. The photochemical ring opening occurs in the subnanosecond range 15 which for some time remains in its excited singlet state and then radiatively and nonradiatively deactivates to its ground state. However 355 nm light is a highly energetic light which could produce some photochemical pathway for dye decomposition.
Photochromism of SP-MR system in DNA-CTMA leads, after UV excitation, to production of fluorescent MR molecule. At low light level excitation this process is fully reversible. We observed that fluorescence efficiency and ASE signal increased when for the sample excitation 355 and 532 nm pulses were used ͑cf. inset of Fig. 4͒ . The study of photochemical ring opening and ring closure of the SP/MR couple have been reported by Görner. 16 Based on this principle, we assume that the effect of enhancement is due to the fact that photocoloration occurs in the triplet manifold. MR triplet state is rather short-lived ͑Ͻ10 s͒, therefore the presence of short UV light pulses keeps the high concentration of trans-MR in the sample. The picosecond pulses of 532 nm laser light depopulate significantly the reservoir of trans-MRs via stimulated emission which needs to be repopulated with subsequent UV light pulse. This process both slows down the photodegradation rate and enhances the luminescence efficiency and ASE signal of the whole DNA-CTMA:SP system. Taking into account the measured absorption coefficient for MR in the film ͑␣ = 1535 cm −1 ͒ and assuming that quantum yield of formation of MR triplet from SP is 0.04 ͑the lowest value reported in Ref. 17 for ethanol solution͒ the quantum yield of ASE could be estimated. The number of 532 nm excitation photons was measured to be 1.5ϫ 10 15 and those emitted into two directions in ASE process ͑at 676 nm͒ amounted to 6.8ϫ 10 11 photons. Then the value for the lower limit of emission quantum yield is estimated to 0.005 in the studied experimental conditions.
In conclusion, the ASE in biopolymer loaded with a SP molecule system has been observed and characterized. The reported ASE parameters here are comparable to that obtained earlier by Kawabe et al. 11 in hemicyanine dye. We believe that proper doping of DNA-CTMA matrix with SP derivatives and improvement of the dye photostability brings perspectives of lasing applications and construction of organic solid-state dye lasers. 
